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Torque-induced dispersive readout in a weakly coupled hybrid system
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We propose a quantum state readout mechanism of a weakly coupled qubit in dispersive regime. The hybrid
system consists of ferromagnetic insulator and a superconducting qubit in a microwave cavity. The enhancement
of the measurement sensitivity is achieved by exerting torque on the ferromagnetic insulator magnetization,
which compensates the damping of the system leading to an exceptional point. The proposed machanism allows
to measure the qubit state either via the transmission of the cavity or the FMR signal of the magnetic material.
Quantum information processing is based on the storage,
manipulation and readout of the state in quantum bit (qubit)
[1, 2]. In strongly coupled superconducting (SC) qubit and
a cavity system, non-distructive readout of the quantum state
can be realized in dispersive regime [3–6], where sufficient
detuning of the cavity and the qubit frequencies prevents ex-
change of excitations between the systems. The readout of the
quantum state of the qubit is based on qubit-state dependent
frequency shift of the cavity due to virtual transitions, which
can be measured from the transmission spectrum of the cavity.
This measurement method is used not only for readout of SC
qubit state [7]. It has been applied to ac-driven quantum sys-
tems [8] and semiconductor quantum dots [9, 10]. The short-
coming of the model, however, is that strong coupling (larger
than the damping of the system) between the cavity and the
SC qubit is required [7] in order to see the frequency shift.
This makes challenging to use the method for other systems
such as a single electron spin, which are weakly coupled to
the cavity [11, 12].
From the other hand, realization of coherent [13–17] and
dissipative magnon-photon [18–23] coupling in a microwave
cavity, cavity-mediated dissipative magnon-magnon coupling
[24, 25], magnon-photon entanglement [26] and other phe-
nomena push the boundaries of application of cavity spin-
troics. Moreover, recent demonstration [27, 28] of strong
coupling of cavity photons with on-chip nanomagnet magne-
tization opens new avenue for exploiting cavity-spintronics in
quantum information technologies.
Very recently, quantum state measurement in weakly cou-
pled regime was proposed [29] using pair of near resonant
modes in a cavity, where one of the mode is weakly cou-
pled to the SC qubit and both cavity modes are coupled to
the probe field. Another mechanism proposed to measure the
quantum state is based on exploiting two coupled cavities with
balanced gain and loss [30, 31]. Tuning the gain from one of
the cavities an exceptional point (EP) can be achieved in an-
other cavity containing the SC qubit. Such EPs occur in non-
Hermitian systems, where, by tuning some parameters of the
system, a singularity point in eigenfunctions and eigenvalues
can be revealed [18, 20, 32]. Beside various exciting proper-
ties of such parity-time (PT )-symmetric systems at EPs, such
as the unidirectional invisibility [33, 34], monochromatic mi-
crowave generation [20], enhanced spontaneous emission [35]
and lasing [36–38], the sensitivity of the detection can also be
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Figure 1. The schematic picture of the system. YIG film and a SC
qubit reside near the antinode of the magnetic field and electric field,
respectively. gm and gq denote magnon-photon and qubit-photon
couplings, respectively. The two ports on both sides of the cavity are
for phtoton input and output. One of the strip lines (blue in the pic-
ture) patterned on the YIG film is used to exert torque on the YIG.
Another strip line (red in the picture) is used to measure spin pump-
ing voltage.
enhanced near an EP in microcavity sensors [39].
Here we propose a mechanism of electric dispersive mea-
surement of quantum state of a SC qubit in weak coupling
regime. Our system consists of SC qubit and an yttrium iron
garnet (YIG) film in a cavity. Here, the YIG magnetization is
strongly coupled with the cavity photons, while the coupling
of cavity with SC qubit is weak. The energy loss of the system
is compensated via energy input into the magnon subsystem
of YIG by applying torque. Varying the torque, coalescence
or real and imaginary components of level energy is reached
at EP when the gain exactly compensates the losses of the sys-
tem [20]. We show that readout sensitivity is highly enhanced
near the EP, which makes possible of electric and/or optical
measurement of the SC quantum state. Exploiting the strong
coupling between YIG and the cavity [13–17] it is possible to
control and makemeasurements using YIGwithout disturbing
the qubit state. Because the qubit is out of resonance with the
cavity and not coupled with the YIG magnetization directly
the measurement does not affect the qubit state. Moreover,
exerting torque on the YIG allows us to use only one cav-
ity mode and avoid complicated setups using coupled cavities
[31] or different modes [29].
So far, experiments in this field were performed by mea-
suring the qubit state-dependent frequency shift of either the
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Figure 2. (a) The left and right labels show the real (black dashed
line) and imaginary (red dotted line) component of∆ωmc as a func-
tion of ∆ω, respectively. (b) The same as in (a) for ∆ω. (c) and
(d) show the density plot of spin voltage and transmission amplitude,
respectively. The dashed lines are the corresponding spectra. (e)
and (f) depict the spin current and transmission amplitude evolution,
respectively as a function of frequency ∆ω at the value of ∆ωmc
shown in the picture. The dashed red lines are in the absence of the
qubit (〈σz〉 = 0), while the red and blue curves are for 〈σz〉 = ±1.
All pictures are in the absence of the torque on YIG magnetization
(αT = 0). The frequencies are presented in units of gq.
transmission (S21) or reflection coefficient (S11) of the mi-
crowave cavity [3–6, 40]. We propose a technique, where spin
pumping [41] enables electrical detection of quantum state in
hybrid SC qubit-YIG system in a cavity. In Fig. 1 we show the
schematic picture of our setup. The YIG film and the SC qubit
are located in the cavity. The qubit weakly couples to the elec-
tric field of the cavity mode. The YIG film is mounted near the
antinode of the magnetic field of the mode. A local magnetic
field is applied on YIG, which makes the film a single-domain
ferromagnet. Due to a large magnetization of the YIG film
it couples strongly to the magnetic field of the cavity mode.
Two platinum (Pt) layers are patterned on one side of the YIG
film. One of these layers is used for exerting torque on the
YIG film. The mechanisms to create "negative damping" or
torque include spin Seebeck effect (SSE)induced spin transfer
torque (STT) [20, 42–44] or spin Hall effect (SHE)-STT [45–
47]. The second field is for spin pumping measurements [41]
which enables electrical detection of the qubit state. The pro-
posed setup enables both transmission measurements of the
cavity and the electrical detection of FMR on samples loaded
in the cavity.
The system under study is governed by the following
αT=αT,EP
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Figure 3. The same as in Fig. 2 for the critical value of the spin torque
αT = αT,EP .
Hamiltonian (~ = 1)
Hsys =ωca
†a+
ωq
2
σz + ωmm
†m
+ gq
(
σ+a+ a†σ−
)
+ gm
(
a†m+ am†
)
, (1)
where a
(
a†
)
and m
(
m†
)
are the cavity mode and magnon
annihilation (creation) operators with frequency ωc and ωm,
respectively. ωq is the qubit transition frequency, σ± =
(σx ± iσy) /2 are the ladder operators with σx, σy, and σz
being the spin-1/2 Pauli operators. In rotating frame with re-
spect to the cavity oscillation frequency ωc the Hamiltonian
Eq. (1) becomes
H ′sys = ∆ωmcm
†m+
∆ωqc
2
σz
+ gq
(
σ+a+ a†σ−
)
+ gm
(
a†m+ am†
)
. (2)
where∆ωmc = ωm−ωc, ∆ωqc = ωq−ωc. Based on Eq. (2),
the quantum Langevin equations [48] can be written as
a˙ = −igqσ− − igmm− κaa+
√
2κiain
m˙ = −i (∆ωmcm+ gma)− κmm+ αTm
σ˙− = −i (∆ωqcσ− − gqσza)− γσ−, (3)
where κa, κm, and γ are the dissipations of cavity, magnetiza-
tion and SC qubit, respectively. αT is the torque on YIG spin
[20]. ain is the input field of the cavity. Assuming the qubit
to be in steady state (σ˙− = 0) [31], we obtain from Eq. (3)
σ− =
gq
∆ωqc − iγ aσz. (4)
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Figure 4. The dependence of the real components of∆ω on∆ωmc and the torque αT for (a) 〈σz〉 = 0, (b) 〈σz〉 = 1 and (c) 〈σz〉 = −1. The
lines show the spectrum for αT = αT,EP . The colored cones show the transmission amplitude at ∆ωmc = Re (∆ω) = 0.
After plugging Eq. (4) back into Eq. (3) we have
a˙ = −i
(
g2q
∆ωqc − iγ σz − iκa
)
a− igmm+
√
2κiain
m˙ = −i (∆ωmcm+ gma)− κmm+ αTm, (5)
which can be used to recover the effective Hamiltonian of the
system as
Heff = ω˜ca
†a+ ω˜mm
†m+ gm
(
m†a+ a†m
)
(6)
where we made the following notations: ω˜c ≡ g
2
q
∆ωqc−iγ
σz −
iκa, and ω˜m ≡ ∆ωmc − i (κm − αT ) . Diagonalizing the
Hamiltonian Eq. (6), we obtain two eigenfrequencies in ro-
tating frame ∆ω (∆ωmc), where ∆ω ≡ ω − ωc. The two
positive real components of ∆ω determine resonant frequen-
cies, while imaginary parts describe damping of the coupled
system. From the other hand, by solving the same equation,
we obtain ∆ωmc as a function of ∆ω. In contrast to the so-
lution for ∆ω (∆ωmc), here we have only one solution. The
real part of∆ωmc (∆ω) is the spectrum of ferromagnetic res-
onance (FMR) and the imaginary part is the linewidth [13, 18].
Next, we perform our calculations to derive spin pumping
voltage as well as the transmission amplitude. From Eq. (5)
we obtain
a =
i
√
2κi
(∆ω + iκα)− g2m∆ω+iκm−∆ωmc−iαT −
g2qσz
∆ωqc−iγ
ain
m = − igm
√
2κi
g2m + (αT + i (∆ω + iκm −∆ωmc))
(
−κα + i∆ω + g
2
qσz
γ+i∆ωqc
)ain (7)
For spin pumping from YIG to attached metal layer we are
interested in the ratio of magnetic excitation number (Nm =
m†m) and input photon number (Nin = a
†
inain) [41, 48, 49]
Vsp ∝ Nm
Nin
=
m†m
a†inain
= |m|2 . (8)
We also calculate the transmission using the input output the-
ory, where we have [48]
ain = aout +
√
2κia. (9)
From Eqs. (7, 8) the transmission amplitude is
|S21|2 =
∣∣∣∣aoutain
∣∣∣∣
2
. (10)
Our discussion starts with the results in the absence of
torque on the magnetization (αT = 0). We use the follow-
ing parameters for calculation: the damping rate of the cavity
(κα) and magnon κm are κα = 5gq, κm = 3gq where gq
is the coupling between cavity and superconducting qubit in
weak coupling regime. The qubit decay rate is γ = 5gq. we
set ∆ωqc = 10gq, which ensures that the SC qubit is in dis-
persive regime. We set κi = κm/2. In strong cavity-magnon
coupling regime gm > κm, gm = 8gq. In Fig. 2 (a) we show
the real and imaginary components of FMR spectrum (∆ωmc)
as a function of ∆ω. The black dashed curve in the figure
shows the FMR spectrum with varying slope at the region of
coupling bandwidth. The red dotted curve shows the linewidth
enhancement due to the magnon-photon coupling in the cav-
ity [13, 18]. Corresponding real and imaginary components
of ∆ω (∆ωmc) are shown in Fig. 2 (b), where the usual level
repulsion of the real components and coalescence of imag-
inary parts indicate magnon-photon coupling [13–18]. The
spin voltage (normalized by its maximumvalue) and the trans-
mission amplitude dependence on frequencies∆ω and∆ωmc
are shown in Figs. 2 (c) and (d), respectively. The spin voltage
4and transmission in the figure are in-line with the experimen-
tal findings in YIG-cavity system [13]. In Figs. 2 (e-f) we
plot the spin voltage and transmission amplitude, respectively
at ∆ωmc = 0. The red dashed lines in the plots correspond to
the case without SC qubit into system (〈σz〉 = 0). The black
and blue lines show the spin pumping and transmission for
〈σz〉 = ±1. It is seen from Figs. 2 (e-f) that it is hard to dis-
tinguish the SC qubit state from both, the spin volate and the
transmission amplitude in weak coupling regime [11, 12, 31].
To measure the state of a weakly coupled qubit we now
discuss the EP, where PT -symmetry is breaking. We have
shown previously [20] that the symmetry breaking and dra-
matic enhancement of the transmission and spin voltage oc-
curs at resonance (∆ωmc = 0) when the real components
of ∆ω coalesce and the damping of the system is compen-
sated by the torque. This two conditions can be satisfied when
αT = κm + κα ≡ αT,EP and gm = κα [20, 31]. In Fig. 3
we show the same plots as in Fig. 2 near (∆ω = 0.1gq)
the PT -symmetry breaking point, when αT = αT,EP and
gm = κα. It is seen from Fig. 3 (a) that the imaginary compo-
nent of ∆ωmc becomes 0 (red dotted curve) at the resonance
condition (∆ω = 0), which indicates that the FMR damping
is compensated [18, 20]. Moreover, as shown in Fig. 3 (c),
both imaginary components of ∆ω become 0 and coalesce at
∆ωmc = 0. This feature, together with coalescence of the real
components in Fig. 3 (c) indicate the PT -symmetry breaking
at ∆ωmc = 0. Fig. 3 (b) and (d) show the dramatic enhance-
ment of the spin pumping and the transmission amplitude at
the EP, which has been discussed in Ref. 20. In Fig. 3 (e)
we plot the dependence of the spin voltage near the EP (at
∆ωmc = 0.1gq) as a function of∆ω for 〈σz〉 = 0 (red dashed
line) and 〈σz〉 = ±1 (black and blue lines, respectively). It
can be seen that the difference in spin voltage for different
state of the SC qubit is prominant near the exceptional point.
Similar results are shown in Fig. 3 (f), where the transmission
amplitude is plotted near the EP for different values of 〈σz〉 .
Similar to the spin voltage, the transmission amplitude is de-
creased by about one order of magnitude when the SC qubit
is included with 〈σz〉 = −1 and increased when 〈σz〉 = 1.
To understand the reason of difference in transmission am-
plitude for different qubit state, in Fig. 4 (a-c) we plot the
dependence of the eigenvalues of Eq. (6) on ∆ωmc and the
torque αT . The transparent surface in the figures shows the
spectrum for different value of αT , where the solid line shows
the spectrum at EP (αT = αT,EP ). It is seen that the sys-
tem is PT -symmetric for αT < αT,EP and the symmetry is
broken for αT ≥ αT,EP . The colored cones stand for the
transmission amplitude at ∆ωmc = Re (∆ω) = 0 for vary-
ing torque. For 〈σz〉 = 0 in Fig. 4 the transmission ampli-
tude peak appears at αT,EP . However, as follows from Eq. (6)
both, the real and imaginary components of the effective cav-
ity frequency are altered by the SC qubit. The result is that
magnitude of the torque necessary to reach the EP is different
for different state of the qubit due to the change in the imag-
inary component. Moreover, the magnitude of the transmis-
sion amplitude is changed by the change of the real compo-
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Figure 5. The real component of the spectrum (∆ω(∆ωmc) at the
PT -symmetry breaking point αT = αT,EP . The dashed, black and
blue lines correspond to 〈σz〉 = 0, 1,−1, respectively.
nent of the effective cavity frequency. Particularly, the torque
for 〈σz〉 = 1 is larger than that of 〈σz〉 = 0 (Fig. 4 (b)) and
smaller for 〈σz〉 = −1 (Fig. 4 (c)). Consequently, the posi-
tion of the peaks of the transmission amplitude are different
for different qubit states.
In Fig. 5 we show the spectrum at αT = αT,EP for differ-
ent values of 〈σz〉 . It follows that for the critical value of the
torque αT,EP the system is at the EP at∆ωmc = 0.When the
qubit is introduced, thePT -symmetry of the system is broken
for 〈σz〉 = −1 while it is conserved when 〈σz〉 = 1. Thus,
depending on the qubit state the system can be switched form
PT -symmetric to broken PT -symmetry states.
In summary, we propose a mechanism of enhancing the
sensitivity of SC qubit state measurement exploiting proper-
ties of PT -symmetric systems. The dispersive readout mech-
anism in YIG-SC qubit-cavity hybrid system is based on com-
pensating the damping of the systems using torque on the YIG
magnetization. We demonstrate the enhancement of the sen-
sitivity of readout near EP. Strong coupling between YIG and
the cavity together with weak coupling of the qubit allows to
control and make measurements using YIG without disturb-
ing the qubit state in dispersive regime. Moreover, exerting
torque on the YIG allows us to use only one cavity mode and
avoid complicated setups using coupled cavities [31] or differ-
ent modes [29]. The readout mechanism includes both trans-
mission measurement of the cavity and electric measurement
of the FMR signal in YIG. Beside the readout method the
proposed mechanism allows realization of switching between
PT -symmetric toPT -symmetry broken states via controlling
the qubit state.
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